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Preface 

At  the  1900  "Symposium  on  Aeroelaslicity  in  Turbomachines",  held  in 
Lausanne,  Switzerland,  it  became  clear  that  it  was  virtually  impossible 
to  compare  different  analytical  models  for  flutter  and  forced  vibration 
prediction  and  to  establish  their  validity. 

The  Scientific  Committee  (*)  of  this  meeting  has  decided  to  initiate  a 
workshop  on  "Standard  Configurations  for  Aeroelaslicity  in  Turbomachine- 
Cascades".  The  aim  of  this  project  is  to  establish  a  data  base  with  a 
few  well  documented  experimental  data,  and  to  initialize  and  coordinate 
future  experimental  investigations  in  existing  test  facilities.  The  standard 
configurations  to  be  compiled  should  also  serve  as  test  cases  for  present 
and  future  prediction  models  for  aeroelastic  phenomena  in  turbomachine- 
cascades. 

This  report  constitutes  the  first  product,  a  standard  set  of  two-dimensional 
and  quasi  three-dimensional  experimental  configurations.  These  configura¬ 
tions  will  be  treated  by  calculation  models  from  several  research  groups 
during  1983,  whereafter  a  second  report  with  a  comparison  between  the 
experimental  and  the  theoretical  results  will  be  established  and  presented 
at  the  Third  Symposium  on  Aeroelaslicity  in  Turbomachines  J984).  It 
is  the  hope  of  the  Scientific  Committee  that  these  reports  will  constitute 
a  bench-mark  for  the  validation  of  both  experimental  and  theoretical 
aeroelastic  investigations  in  turbomachines. 

September  30,  1983 

P.  Suter 

Chairman  of  the  Scientific  Committee 
of  the  1980  "Symposium  on  Aeroelasti- 
city  in  Turbomachines" 


The  members  of  the  Scientific  Committee  at  the  1980  Symposium  are: 


H.  Forsching,  Germany 
G.  Gyarmathy,  Switzerland 
R.  Legendre,  France 
A. A.  Mikolajczak,  USA 
M.  Roy,  F ranee 

P.  Suter,  Switzerland  (chairman) 

Y.  Tanida,  Japan 

D.S.  Whitehead,  United  Kingdom 


3 


Abstract 


The  aeroelast ician  needs  reliable,  efficient  methods  for  the  calculation 
of  unsteady  blade  forces  in  turbomachines.  The  validity  of  such  theoretical 
or  empirical  prediction  models  can  only  be  established  if  researchers 
apply  their  flutter  and  forced  vibration  predictions  to  a  number  of  well 
documented  experimental  lest  cases. 

In  the  present  report,  the  geometrical  and  time-averaged  flow  conditions 
of  nine  t wo-aimensional  or  quasi  three-dimensional  experimental  standard 
configurations  fcr  aeroelast  icily  in  turbomachine  cascades  are  given. 
For  each  configuration  some  aeroelastic  lest  cases  are  defined,  comprising 
different  incidence  angles,  Mach  numbers,  interblade  phase  angle,  reduced 
frequencies,  etc. 

Furthermore  a  proposal  for  unified  nomenclature  and  reporting  formats 
is  included,  in  order  to  facilitate  the  comparison  between  the  different 
experimental  data  and  theoretical  results._-\ 
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Nomenclature 


Note: 

a)  Throughout  this  report,  "standard  configuration"  will  designate  a  cascade 
geometry  and  "aeroelastic  case"  or  "aeroelastic  test  case"  will  indicate 
the  different  time  dependant  (and,  in  some  cases  time  averaged)  conditions 
within  a  standard  configuration. 

b)  The  tables  and  figures  will  be  numbered  as  the  chapters.  For  example. 
Figure  3,7-2  denotes  the  second  figure  in  chapter  3.7. 


Symbol  Explanation 

Latin  Alphabet 


Dimen¬ 

sion 


A  amplitude  (A=h  for  pure  sinusoidal  heaving) 

(A=a  for  pure  sinusoidal  pitching)  rad 

A  Fourier  coefficient 


c 


chord  length 


m 


t) 


c^a) 


M 


C  'x.t) 
P 


C 


W 


unsteady  perturbation  force  coefficient  vector 
per  unit  amplitude,  positive  in  positive  coordi¬ 
nate  directions: 

unsteady  perturbation  lift  coefficient  per  unit 
amplitude,  positive  in  oositive  y-direction: 

CL(t)=CLe'''~’*®tl 

Note;  In  the  present  work,  the  lift  coefficient 

is  defined  as  the  force  component  perpen¬ 
dicular  to  the  chordf 

unsteady  perturbation  moment  coefficient  per 
unit  amplitude,  positive  in  clockwise  direction; 

unsteady  perturbation  blade  surface  pressure 
coefficient  per  unit  amplitude: 

Cp(x,t)-Cp(x)e'!'~'®p' 

coefficient  for  aerodynamic  work  done  on  the 
airfoil  during  the  cycle  of  oscillation 


d 


maximum  blade  thickness  (dimensionless 
with  chord) 


6 


vibration  frequency 
function 


Hz 


h  A.v,t) 


dimensionless  (with  chord)  bending  vibration, 
positive  in  positive  coordinate  directions 

dimensionless  (with  chord)  bending  amplitude 


/T 


k 

k 

M 


indicence 

reduced  frequency  =  -QM — 
'■^Vref 

harmonic  in  Fourier  series 
Mach  number 


deg 


unit  vector  normal  to  blade  surface,  positive 
inwards 


p  A.V,t) 


R 

Re 


Str 

T 

T 

I 

t 

V 


o 


pressure  N/m 

(without  superscript  dime  dependant  perturbation) 

^with  superscript  dime  averaged) 

dimensionless  vector  from  mean  pivot  axis 
to  an  arbitrary  point  on  the  mean  blade  surface 


real  part  of  complex  value 

V,c 

Reynolds  number  =  —y — 

unity  vector  tangent  to  blade  surface,  positive 
in  positive  coordinate-directions 

Strouhal  number  =  — (  =  ^/tt) 

Vret 

dimensionless  time:  T  =  t/T 


period  of  a  cycle 


» ime 


velocity 


m/s 


iv  i 


1 


^  reference  velocity  for  reduced  frequency  and  m/s 

Strouhal  number: 

^ref  ”  compresor  cascade 

V  r  -  V„  for  turbine  cascade 
ref  2 

w  circular  frequency  =  2n  f  rad/s 

X  dimensionless  ^witb  chord)  chord-wise  coordinate 

X  dimensionless  (with  chord)  chord-wise  position 

of  torsion  axis 

y  dimensionless  (with  chord)  normal-to-chord 

coordinate 

y  dimensionless  (with  chord)  normal-to-chord  po¬ 

sition  of  torsion  axis 

2  dimensionless  (with  chord'  span-wise  coordinate 


Greek  Alphabet 


a(t) 

a 

? 

y 

& 

ACp(X,t) 

ew 


pitching  vibration,  positive  nose-up  rad 

pitching  amplitude  rad 

flow  angle  deg 

chordal  stagger  angle  deg 

heaving  vibration  direction  =  tan  deg 


unsteady  perturbation  pressure  difference  coeffi¬ 
cient 

ACp(x,tHCp"^’(x.t)-Cp'"®'{x.t)=  AQ;(x)e>' ' 

phase  lead  of  pitching  motion  towards  heaving  deg,rad 
motion  of  blade  (m) 


V 


kinematic  viscosity 


m/s 


_ 

1 

6 

1 

interblade  phase  angle  between  blade  "m-1"  and 
blade  "m".  <?^=o  for  constant  interblade  phase 
angle. 

deg, rad 

1 

O  is  positive  when  blade  "m"  preceeds  blade 

"m-l". 

For  idealized  conditions  (constant  interblade 
phase  angle  between  adjacent  blades,  ^  ,  and 
identical  blade  vibration  amplitude  for  all  blades) 
the  motion  of  the  (m)th  blade,  for  flexion, 
is  given  by; 

^  (0) 

h  (x,y,t)=h(x,y) 

( 

1 

r 

dimensionless  (with  chord)  blade  pitch 
-  gap-to-chord  ratio 

«<r 

phase  lead  of  perturbation  force  coefficient 
towards  motion 

deg, rad 

phase  lead  of  perturbation  lift  coefficient  to¬ 
wards  motion 

deg, rad 

0M 

phase  lead  of  perturbation  moment  coefficient 
towards  motion 

deg, rad 

1 

0p(>) 

phase  lead  of  perturbation  pressure  coefficient 
towards  motion 

deg, rad 

] 

0^M 

phase  lead  of  perturbation  pressure  difference 
coefficient  towards  motion 

deg, rad 

\ 

1 

3P 

phase  angle  in  the  Fourier  series 

deg 

\ 

► « 

1 

1 

, 

1 

1 

I  I 

1  i 

:  1 

.  r' 

- 

.-4  J 
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Subscripts: 

A 

G 

global 

1 

is 

LE 

k 

R 

ref 

TE 

t 

X 

y 

z 

a 

1 

2 

-  CO 


A  =  h  for  heaving 
Olfor  pitching 

center  of  gravity 

gJobaJ  (=  time  dependant  +  time  averaged) 
(see  eg.  7) 

imaginary  part 

isentropic  values 

leading  edge 

k-th  harmonic  in  Fourier  series 
real  part 

reference  velocity  for  reduced  frequency 
V  £  =:  V  for  compressor  cascade 

v'^^!  :  vl  for  turbine  cascade 

ref  2 

trailing  edge 

total  head  value 

component  in  x-direction 

component  in  y-direction 

component  in  z-direction 

position  of  pitch  axis  (see  Fig.  1) 

measuring  station  upstream  of  cascade 

measuring  station  downstream  of  cascade 

values  at  "infinity"  upstream 


values  at  "infinity"  downstream 
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Superscripts: 


(Is) 

(m) 

:us) 

/v> 


tB)  designates  lower  or  upper  surface  of  profile 
iB)  =  ils)  for  lower  surface  of  profile 
(us)  "  upper  "  "  " 

lower  surface  of  profile 

blade  number  m  =  0,  1,  2,  ...  If  the  amplitude, 

interblade  phase  angle,  ....  are  constant  for  the 
blader  under  consideration,  this  superscript  will 
not  be  used 

upper  surface  of  profile 

time  axeraged  (-  steady)  values.  This  superscript  will 
only  be  used  in  ambiguous  context 

amplitude  of  unsteady  complex  value 


I 


L„_£ 


1. 


Introduction 


1 1 


In  axial-flow  turbomachines  considerable  dynamic  blade  loads  ma>  occur 
as  a  result  of  the  unsteadiness  of  the  flow.  The  trend  towards  e\er  greater 
mass  flows  or  smaller  diameters  in  the  turbomachines  leads  to  higher 

flow  \elocitles  and  to  more  slender  blades.  It  is  therefore  likely  that 

aeroelastic  phenomena,  which  concerns  the  motion  of  a  deformable  struc¬ 
ture  in  a  fluid  stream,  will  increase  ever  more  in  future  turboreactors 

fan  stage)  and  industrial  turbines  (last  stage)  |10|. 

The  large  complications,  and  high  costs,  of  unsteady  flow  measurements 
in  actual  turbomachines  makes  it  necessary  for  the  aei  oelast  ician  to 
rely  on  cascade  experiments  and  theoretical  prediction  methods  for  minimi¬ 
sing  blade  failures  due  to  aeroelastic  phenomena.  It  is  therefore  of  great 
importance  to  validate  the  accuracy  of  flutter  and  forced  vibration  predic¬ 
tions  as  well  as  experimental  cascade  data  and  to  compare  theoretical 
results  with  cascade  tests  and  trends  in  actual  turbomachines. 

Several  well  documented  unsteady  experimental  cascade  data  exists  through¬ 
out  the  world,  as  well  as  many  different  promising  calculation  methods 
for  solving  the  problem  of  unsteady  flow  in  two-dimensional  and  quasi 
three-dimensional  cascades.  However,  due  to  different  basic  assumptions 
in  these  prediction  methods,  as  well  as  many  different  ways  of  repre'^ent  ing 
the  obtained  results,  no  real  effort  has  been  made  to  compare  the  dif.eient 
theoretical  methods  with  each  other.  Furthermore,  the  validity  of  these 
theoretical  prediction  analysis  can  only,  since  hardly  any  exad  solutions 
are  known,  be  verified  by  comparison  with  experiments.  This  is  very  seldom 
done,  partly  because  of  the  reasons  mentioned  above,  partly  as  well  docu¬ 
mented  experimental  data  normally  are  of  proprietary  nature. 

It  is  the  purpose  of  the  present  project  to  partly  remedy  this  situation 
by  selecting  a  certain  number  of  standard  configurations  for  aeroelastic 
investigations  in  turbomachine-cascades  and  to  define  an  unified  reporting 
format  to  facilitate  the  comparison  between  different  theoretical  results 
and  the  experimental  standard  configurations. 

The  final  objective  of  a  comparative  work  of  the  present  kind  is  of  course 
to  validate  theoretical  prediction  models  with  experiments  performed 
under  actual  conditions  in  the  turbomachine,  i.e.  under  consideration 
of  unsteady  rotor-stator  interaction,  flow  separation,  viscosity,  shock-boun¬ 
dary  lavf-r  interaction,  three  dimensionality  etc.  Such  a  far-reaching  objec- 
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ti'.c  dors  howpver  not  correspond  with  the  present  6l3te-of-art  of  aeroelas- 
tic  knowledge,  neither  for  prediction  models  nor  as  regards  well  doromen- 
•  ed  experimental  data  to  be  used  as  standard  configural  ions. 

The  scope  of  the  present  report  will  thus  be  limited  to  fully  aeroelastic 
phenomena  under  idealized  flow  conditions  in  two-dimensional  nr  quasi 
three-dimensional  cascades.  Such  interesting  phenomena  as  rotor-stator 
interactions,  stalled  flutter  and  fully  three-dimensional  effects  will  ttius 
be  excluded,  unless  as  an  extension  from  the  ioealized  two-dimensional 
cascade  flow. 

In  this  first  report,  nine  standard  configurations,  ranging  fi  jm  flat  plates 

to  highly  cambered  turbine  bladings  and  from  incompressible  to  supersonic 
flow  conditions,  are  selected  and  a  certain  number  of  aeroelastic  lest 
cases,  mostly  based  Lipon  existing  experimental  data,  are  defined  for 

analysis  by  existing  prediction  methods  for  flutter  and  forced  vibrations. 
It  is  intended  that  an  extensive  number  of  "blind  test"  calculat  loris  by 
different  prediction  methods  see  chapter  4)  should  be  performed  in  the 
autumn  of  198T.  The  experimental  data  will  thereafter  be  distributed 
,in  beginning  of  1984)  to  all  researchers  having  performed  the  recom¬ 
mended  analysis;  the  comparison  of  the  experimental  and  thcureliral 
results  will  so  prepare  a  base  for  detailed  discussions  of  ttie  different 

experimental  and  theoretical  results  during  the  "Third  Symposium  on 
Aeroelast  icit  y  in  Turbomachines"  1,1984  1 1 1,  |2|. 

In  the  beginning  of  1984  it  will  also  be  possible  for  the  participants  to 
eventually  refine  some  aspects  of  their  experimental  or  theoretical  proce¬ 
dure  and  to  prepare,  if  possible,  a  contribution  to  the  1984  Symposium 

on  Aeroelast  icit  y. 

The  final  comparison  of  the  experimental  and  theoretical  results  will 
he  distributed  at  the  1984  Svmposium  on  Aeroelasticity.  Attention  will 
then  also  be  focused  upon  still  unresolved  aeroelastic  problems  and  a 
coordination  of  future  experimental  and  theoretical  investigations  may 
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2.  Recommendations  for  Unified  Representation  of  the- Results 

The  physical  reasons  for  self  excited  ble^e  vib.ations  in  turbomachines 
are  not  presently  understood  in  detail.  Various  representations  of  experimen¬ 
tal  and  theoretical  results  are  thus  used  by  different  researchers.  The 
number  of  different  reporting  formats  used  may  be  very  large,  as  various 
importance  is  attached  to  different  results,  depending  upon  the  scope 
of  the  aeroelastic  investigation. 

However,  as  the  main  objective  for  both  experimental  and  theoretical 
aeroelastic  studies  is  to  provide  a  tool  for  the  designer  of  turbomachines 
to  minimize  blade  failures,  the  important  results  from  the  different  investi¬ 
gations  should  be  standarized  to  allow  for  interpretation  of  non-specialists 
m  aeroelast  icity. 

In  order  to  facilitate  the  comparison  and  to  establish  the  mutual  validity 
of  both  theoretical  and  experimental  results,  a  certain  amount  of  informa¬ 
tion  must  be  unified.  This  is  also  desirable  in  order  to  avoid  misinterpreta¬ 
tion  of  some  results. 

In  the  present  project,  a  minimum  number  of  prescriptions  have  been 
defined.  Both  the  nomenclature  and  the  representation  formats  are  based 
upon  references  |3  |  -  |9  I,  especially  the  publication  by  Carta  |3  |  |7  |\ 

It  has  been  chosen,  furthermore,  as  similar  as  possible  to  the  presentation 
previousl>  used  for  the  experiments  serving  as  standard  configurations, 
this  to  avoid  excessive  retreatment  of  the  data. 


2.1  Steady  Two-Dimensional  Cascade  Nomenclature 


The  profiles  under  investigation  are  arranged,  in  a  two-dimensional  section 
of  the  cascade,  as  in  Pig.  2.1-1.  In  this  figure,  all  the  physical  lengths 
are  scaled  with  the  chordlength  "c",  and  the  nomenclature  in  Table  2.1-1 
is  used. 

It  is  here  important  to  note  that  the  chord  is  defined  as  the  straight 
line  between  the  intersections  of  the  camber  line  and  the  profile  surface, 
and  that  the  x-coordinate  is  aligned  with  the  chord. 

Throughout  this  report,  extensive  use  will  be  made  of  the  time  averaged 
blade  surface  pressure  coefficient,  which  will  be  defined  as 


(1) 


/ 

cascade  leadirig 
edge  plane 


1  ic)ure  2.1-1  ‘ileady  t  wo-ditnensional  cascade  geometry 


!*> 


5\nibol  F  xplanntion 


c 


d 

Cp 


Re 


y 

Z 

ar 

■V 

r 


rhord  lenqhl 

maximum  blade  thickness  dimensionless  with  chord; 

P-P 

time  averaged  pressure  coefficient  =-= - — 

Pt  -  OO  P-  CIO 

incidence 
Mach  number 

unity  vector  normal  to  blade  surface,  positive  inwards 
time  averaged  pressure 

dimensionless  vector  from  mean  pivot  to  an  arbitrary 
point  on  the  mean  blade  surface 

ViC 

Revnolds  number  =  — ^ — 

unilv  vector  tangent  to  blade  surface,  positive  in  posi¬ 
tive  coordinate  directions 

velocity 

reference  velocity  for  reduced  freguency  and 
Strouhal  number;  for  compressor  cascade 

"V  "  =  "V,,"  "  turbine 
ref  2 

dimensionless  with  chord!  chord-wise  coordinate 
dimensionless  with  chord)  normal-1  o-chord  coordinate 
dimensionless  'with  chord)  span-wise  coordinate 
flow  angle 

chordal  stagger  angle 
kinemat  ic  v  iscosit  y 

dimensionless  blade  pilch  grap-l  o-chord  ratio 


[))imen- 
s  I  o  n 

m 


deg 


N/m^ 


m/s 


m/s 


deg 
deg 
m  /s 


Table  2.1-1  coni  uniat  ion  on  next  pacje 
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Subscripts 


00 


center  of  gravity 

isentropic  values 

total  head  value 

component  in  x-direction 

component  in  y-direction 

component  in  z-direction 

measuring  station  upstream  of  cascade 

measuring  station  downstream  of  cascade 

values  at  "infinity"  upstream 

values  at  "infinity"  downstream 

pitch  axis  isee  Fig.  1) 


Superscripts 


m) 

ds) 

(us) 


mth  blade,  m^O,  1,  2,. ...If  the  amplitude,  interblade  phase 

angle,...  are  constant  for  the  blades 
under  consideration,  this  superscript 
will  not  be  used 

lower  surface  of  profile 
upper  surface  of  profile 

steady  (  time  averaged)  values.  This  superscript  will  only  be 

used  in  ambigous  context. 


Table  2.1-1  Steady  two-dimensional  cascade  nomenclature 


r- 


17 


2.2  Ihisteaciy  Two-Dinmnsiorial  C7ascade  Nomenclature 
(Made  Motion 

Kiq.  2.2-1  Is  a  cche.iiatic  representation  of  cascaded  two-dimensional 
airfoils;  the  form  of  the  profiles  is  considered  to  remain  rigidly  fixed 
during  heaving  and/or  pitching  oscillations,  if  (x,y,t)  and  resp.,  in 

which  the  components  h^,  h^  and  a  of  the  motion  vectors  h  and  a  are 
noted  in  complex  form  to  account  for  phase  differences  between  the 
translation  and  the  rotation. 

We  will  therefore  define 

for  heaving  motion 

(2) 

Cl i  for  pitching  motion 

where  are  the  dimensionless  amplitudes,  and  the  circular 

frequency,  of  the  vibration  of  blade  (m). 

It  is  also  assumed  that  the  torsional  motion,  for  the  (m)th  blade,  preceeds 
the  bending  motion  by  a  phase  angle  Furthermore,  if  the  amplitude, 

circular  frequency  or  phase  lead  is  identical  for  all  blades,  the  superscript 
(m)  will  be  omitted  on  the  corresponding  symbol  (see  Table  2.2-1). 


Figure  2.2-1  Unsteady  two-dimensional  cascade  nomenclature 


S\  nihol  [  vplanat  ion 


I  )micn- 


amplitudc  A  h  for  pure  sinusoidal  hea\  inq 
A-O  "  "  "  p.  chinq 


rad 


unstead\  perturbation  force  coefficient  vector  per 
unit  amp'  Lude,  positive  in  positive  coordinate 
direct  ions: 


C,(l)=CFe 


f'  v.t 
P 


unsteady  perturbation  lift  coefficient  per  unit  ampli¬ 
tude.  positive  in  positive  y-direction: 

Note:  In  the  present  report,  the  lift 
coefficient  is  defined  as  the  force  component 
perpendicular  to  the  chordi 

vinsteady  perturbation  moment  coefficient  per  unit 
arnplitude.  positive  in  clockwise  direction: 

unsteadv  (lert  urbal  ion  pressure  coefficient  per  unit 
amplit  ude: 

C;(x,t)=Q(x)e'‘'-’ 

coefficient  for  aerodynamic  work  done  on  the  system 
durinq  uric  cycle  of  oscillation 

.  ihrat  ion  frequency 


ti  v.v.t  dimensionless  with  chord  bending  vibration,  positive 
in  positive  coordinate  directions 


dimensionless  with  chord'  bending  am[)litude 

reduced  frequency  -S-tt — 

^  V,e( 

time  dependant  perturbation  pressure 


Strouhal  number 


(=k/n) 


Table  2.2-1  continuation  on  next  page'' 
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T 


dimensionless  time  T  =  t/T 

o 


period  of  a  cvcle 


t  t  ime 


a(t) 

a 

s 

ACp(X.t) 


circular  frequency  =  2n  f 


pitching  \ibration,  positive  nose  up 

pitching  amplitude 

heaving  vibration  direction  = 

unsteady  perturbation  blade  surface  pressure  difference 
coefficient: 

ACp(x,t)=Cp''^’(x.t)-Cp""’(x,t)=^(x)e'i'"' ' 


phase  lead  of  pitching  motion  towards  heaving  motion 
of  blade  ;m) 


aerodynamic  damping  coefficient,  positive  for  stable 
motion 

phase  lead  of  perturbation  force  coefficient  towards 
motion 


phase  lead  of  perturbation  lift  coefficient  towards 
mot  ion 


phase  lead  of  perturbation  moment  coefficient  towards 
mot  ion 


phase  lead  of  perturbation  pressure  coefficient  towards 
motion 


0^(«) 


phase  lead  of  perturbation  blade  surface  pressure 
difference  coefficient  towards  motion 


interblade  phase  angle  between  blade  "m-l"  and 
blade  "m" 


s 


s 

rad/s 

rad 

rad 

deg 


deg  or 
rad 


deg  or 
rad 

deg  or 
rad 

deg  or 
rad 

deg  or 
rad 

deg  or 
rad 


deg  or 
rad 


Table  2.2-1  {continuation  on  next  page' 
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posit i\e  when  blade  "m"  leads  blade  "m-1". 

Under  idealized  conditions  constant  inlerblade  phase 
angle  between  adjacent  blades.  ,  and  identical 
vibration  amplitude  for  all  blades)  the  motion  of 
the  m'^  blade  is  given,  for  flexion,  by 
-Hm)  =*■  ’O)  , 

h  (x,y,t)=h(x,y) 

and  similar  for  torsion,  bv 

Subscripts 

A  A  =  h  for  heav  ing 

A  =  a  for  pitching 

global  global  (=  time  dependant  -  time  averaged'  (see  eg.  7) 
I  imaginarv  part 

R  real  part 

Superscript 

Is)  lower  blade  surface 

'm)  blade  number  m  0,  1,  2.  ... 

(us)  upper  blade  surface 

—  amplitude  of  unsteadv  complex  value 

Table  2.2-1  Unsteady  two-dimensional  cascade  nomenclature 
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Twi)-I  Aeroclytiiimic  ( 'oofficients 

The  unatf-ady  (comple\'  blade  surfaee  pressure  coefficient  C  ,  as  well 
as  the  lift  C|^,  force  Cy  and  moment  coefficients  per  unit  span  . 

arc  scaled  with  the  amplitude  of  ttie  corresponding  motion  .amplitude 
"A",  where  A  h  ^^'  or  O According  to  the  coruentional  definitiGiis 
of  these  parameters,  we  thus  have: 


p'^'(x,t) 

OC~  P-3C 


•^P(x,t)|7TeJcis  = 

pf 

surf-iot* 


r{Q;"'(x,t)-Cp';=’(x.t)}.dx 

^Le 


1  1 
A  P,  P_, 


■^p(x,t)ncls 

ur 

Stit.VA 


‘j 


1  1 
A  P,  P-. 


^|RaX{p(x,t)ds'n}|e2 

O''-? 

SJ'xe 


where 

-  p  is  the  unsteady  ;  pert urbat  ion  pressure 

-  "lift”  coefficient  is  defined  normal  to  chord 

-  force  components  are  positive  when  acting  in  positive  coordinate  direc¬ 
tions 

-  IS  positive  when  acting  in  clockwise  direction 

-  superscript  ,B  denotes  the  blade  lower  surface  fls'  or  blade  upper  surface 
^us^ 

Furthermore,  the  global  ^^tirne  averaged  +  time  dependant)  blade  surface 
pressure  coefficient  is  defined  as 

p  =  P  -t-  A  P  P  ~P-oo  I _ P _  (Pd~P)  ~  P-oo  (7 ) 

Sobal  P,-„-P-« 

A  further  important  quantity,  for  slender  blades,  is  the  normalized  un¬ 
steady  pressure  difference  along  the  blade  chord,  ACp(X). 

This  is  defined  as  the  difference  of  the  time  dependant  pressures  on  the 
blade  lower  and  upper  surfaces: 


ACp(X,t)=Cp"^’(X.t)-Cp'"^'(X.t) 


(8' 


All  of  the  above  mentioned  variables  can  be  expressed  in  either  complex 
exponential  form  or  in  component  form  as: 


Cp(x.t)=Cp(x)e'i-'^®p'’'>l=(CpR(x)+iCp,(x)}e-' 


(9) 


Here,  the  subscripts  "R"  and  "I"  denotes  the  real  and  imaginary  parts 
of  the  pressure  coefficient  Cp(x,t).  Physically,  these  two  parts  can  be 
interpreted  as  the  components  of  the  pressure  coefficient  which  are  in-pha¬ 
se  real  part)  and  out-of-phase  (imaginary  part)  with  the  blade  motion. 
Furthermore,  the  phase  angles  0J»).  are  all  defined 

positive  when  the  pressure  (pressure  difference,  lift,  force  or  moment, 
resp.  leads  the  motion. 

The  amplitude  and  phase  relationships  in  eg.  (9)  are  defined  in  the  usual 
manner,  that  is: 


J  Cp(x)=/CpR(xf +  Cp,(xf 

\  0p(x)=tan '{Cpi(xyCpf,(x)} 

{CpR(x)=Cp(x)-cos(«Jp(x)) 

Cp|(x)=Cp(x>sin(0p(x)) 


It  should  here  be  noted  that,  in  computing  the  blade  surface  pressure 
distribution,  only  components,  and  not  amplitudes  or  phase  angles  may 
be  differentiated  (/3/).  Therefore 


{ 


aQ.,(x)=CpS''(x)-Cp;,"^'(x) 

ACp,(x)=Cp;'^’(x)-Cp,'"^’(x) 


H  la) 


{ 


ACp(x)=^Cp'"’(x)-Cp'"^’(x) 

c>jx)^<’(x)-0[r^’(x) 


(11b) 


Two-Dimensional  Aerodynamic  Work 

The  two-dimensional  differential  work,  per  unit  span,  done  on  a  rigid 
system  by  the  aerodynamic  forces  and  moments  is  conventionally  expressed 
by  the  product  of  the  real  parts  (in  phase  with  motion  components)  of 
force  and  differential  translation,  as  well  as  moment  and  differential 
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torsion.  Thus,  the  total  aerodvnamir  work  roefficipnt  per  period  of  osnlla- 
tion,  done  on  toe  systenn  is  obtained  bv  eoir.putinq 


Cyy=Cyvh”^  Cwa't'Cwha"^  ^Wa,n 


Expressed  in  this  wa\,  the  aerodynaniie  work  coefficipnts  c  ,  c  r  , 
^  ■  w  wh  w«>- 

c  .  ,  c  ^  are  all  in  nondimensionali/ed  form,  with  the  product  of  the 
w«ih  wh«  ^ 

pressure  difference  '  P,  ^~P  „  ^  chord  as  norrnali/inc]  factor. 

From  the  definition  eq.  12  and  15  it  is  se-^n  tfiai  ttiese  cocffici.'nts 
become  negative  for  a  stable  motion. 

As  the  force  and  moment  coefficients  eacti  tiave  time  d''pendanl  parts 
from  both  ttie  heaving  and  pitching  oscillat  luns.  i.s  defined  as  the 

work  done  on  the  profile  during  a  pure  tieav  inij  cvcle  no  torsion.  Similar¬ 
ly,  IS  the  work  done  on  the  blade  durim)  a  pure  pitthing  cvcle  no 

bending;  c  ,  and  <•  _  is  ttie  wnii.  done  t)v  ttie  pitching  force  due 
to  heaving  and  by  the  heav  ini.)  moment  doe  to  piti'hing.  respect  iv  elv . 
Thus,  the  work  coeffuients  niav  t)e  evpirt'ssed  in  t'onv  ent  lonal  form  as 

Re{h  dr(t)}  Reldhft)} 

Cyc^e  0* 

05C1  V 

Cyc>  0^ 
osc’  • 

(15;' 

Cwho=^Re|FiC,(t)}Re|dait)l 

Cyc'e  0' 

OSC  f  ’  1  4f  1?'' 

Cwah=^RelaC„(t)}Re|cfi(t)l 

Cyc> 

OSC 1 1 ’ 4t 1 

In  the  case  of  pure  sinusonfal  noinial-to-cnord  beridinq  nr  pure  sinusoidal 
to-sional  vibration,  as  well  as  sinusoidal  hit  and  moment  responses,  respec¬ 
tively,  the  expressions  15  mav  be  integrated  to  give  the  following  simple 

formulas  _2  -2  - 

Cv\,^,“TTh  CLj-nh  Cl  sin<0L) 

Cwa“ TTO^  Sin(0„) 

(14' 

^Wh,a“^ 

It  is  thus  seen  that  the  aerodynamic  woik  only  depetids  upon  ttie  value 
of  the  out  of  phase  component  of  the  lift  and  moment  coefficients,  and 
that  the  airfoil  damps  the  motion  when  the  imaginary  part  of  the  lift 
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and  moment,  coefficient,  resp.  is  negative. 

The  aerodynamic  work  can  be  expressed  in  normalized  form  as  the  aerody¬ 
namic  damping  parameter  n  /3/.  With  the  same  assumptions  as  in  eg. 
d4\  this  parameter  is  defined  as 

f  E,=-^^vVnh^=-Cu 

<  o  ■I'’) 

I  Ea=-^w%a"=-CMi 

The  normalized  parameter  ~  is  thus  positive  for  a  stable  motion. 


Non-Harmonic  Pressure  Response 

All  theoretical  prediction  methods  for  flutter  and  forced  vibrations  availa¬ 
ble  today  make  a  few  basic  assumptions. 

Most  of  the  methods  are  submitted  to  restrictions  regarding 
o  sinusoidal  blade  vibrations 

o  sinusoidal  pressure  response 

□  identical  vibration  frequencies  for  all  blades 

0  identical  vibration  amplitudes  for  all  blades 

□  constant  interblade  phase  angles 

In  experiments,  however,  these  assumption  can  never  be  exactly  fullfilled. 
The  large  energy  input  needed  to  drive  a  cascade  with  prescribed  frequen¬ 
cies.  amplitudes  and  phase  angles  makes  it  impossible  to  satisfy  the  three 
latter  assumptions,  apart  from  in  tests  with  low  frequencies  and/or  small 
aiTifilit udes.  Even  in  this  case  though,  the  pressure  response  on  the  profiles 
will,  in  general,  not  be  sinusoidal. 

for  the  detailed  comparison  between  the  experimental  data  and  the  predic¬ 
tion  model,  it  is  thus  important  to  realize  how  well  the  theoretical  assump¬ 
tions  approximate  the  experiment. 

Ttie  non-sinusoidal  pressure  response  on  the  vibrating  blades  does  not 
hinder  the  computation  of  the  nerodvnamic  work  and  damping  coefficients, 
as  only  the  frequency  of  the  pressure  response  spectra  corresponding 
to  the  blade  vibration  frequency  contributes  to  the  aerodynamic  work. 
Tfie  validity  of  this  statement  can  be  demonstrated  if  we  suppose  that 
the  blade  motion  is  sinusoidal  with  angular  frequency  w,  and  as  any  perio¬ 
dic  signal  F  .wt\  of  which  f  wt )  is  the  unsteady  part,  can  be  represen¬ 
ted  ns  a  Fourier  series 


F(wt)=A(j+ f(wt)=Af)+  ^  A^e'' 
k=1 


I 


I 


1  . 


Ikwt  -  <P 


lb! 


2( 


As  pxotT)[)le  of  proof  of  t  tie  stalemeni,  let  us  eofisiricr  a  pure  siruisoidal 
pitetiing  mode  (  oc  real  ) 

a(t)=ae''"' 


with  a  moment  signal 
oo 

ac„„(t)-a| 

k=l 

The  aerodynamic  work  coefficient  c  ^  becomes  thus 
'  w* 

Cwa“=^  Re|aCMjt)|-Re|r<n'^n}  =lRe{a  J  Cwak  e'*'''~'’®^''’i-Re{iae™'lcl(wt) 

“Cycleof  O  P=1 

oscillation  r\  I 


2n  oo 


Z  C^^kCOs(kwt+0^^k)}  {-asin(wt)}d(wt)= 
0  k=1 


oo  2n 


— Z  C^^akifc°s(kwt+2>^k)  sin(wt)  d(wt)}= 
k=1  '  ° 


|TTa^CMokSin(k0M)  if  =TTr}2r 

\q  if  ^Wa  TTO  U^ 


Thus,  in  the  computation  of  the  work  coefficients  only  the  first  harmonic 
of  the  force  or  moment  response  appears  (compare  eq.  14). 

This  simplification  of  a  non  sinusoidal  pressure  response  is  however  only 
possible  due  to  the  existence  of  a  pure  sinusoidal  motion  and  the  integra¬ 
tion  over  a  cycle  of  vibration.  A  verification  of  the  actual  time  histories 
of  the  exfieriments  is  ftius  needed. 

This  IS  even  more  important  in  experiments  with  non-identical  blade  vibra¬ 
tion  amplitudes  and  interblade  (ihase  angles,  as  these  differences  largely 
ma\  contribute  to  disc  repanc-ies  between  ttie  experimental  and  theoretical 
ideali/ed)  ri'sults. 

On  ttie  tiasis  of  d('iaiied  time  recordings,  a  statistical  evaluation  or  a 
discrete  1  ourier  anals  .is  ma\  be  used  to  appreciate  how  well  the  tlifferont 
ideal  1 /at  ions  in  the  pi  edirtinn  models  approximate  I  tie  real  cascade  flow 
rondil  ions. 

It  IS  I'm,  rets . .  r'”';  t''-,i  It;-  a'nnhti.de  ,it  all  the  ptiysical  quantities 

OC  .  tl.  (■  r  de  I  I  let I: 

l> 

ai,  ttie  am(ililnde  ut  the  first  tiarmonic.  it  a  I  uurier  analysis  is  used 


(I 
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o  as  the  root -mean-square  \alue  ,RMS'  times  a  factor  if  a  statisli- 

cal  evaluation  is  used  (example:  T Cl(t)  The  factor 


is  tiere  introduced  in  order  to  equalise  the  statistical  amplitude  with 
the  full  amplitude  for  a  purely  sinusoidal  fluctuation. 

In  both  cases,  an  indication  of  the  quality  of  the  signal  should,  if  possible, 
be  given.  This  criteria  can,  for  example  be  established  as 
0  higher  harmonics  for  Fourier  analysis 

G  fluctuation  of  result  with  different  averaging  times  for  a  narrow-band 
filter 

0  shape  of  spectral  peak  at  a  distance  of,  e.g.,  20  dB  relative  to  peak 
for  spectrum  analysis 

In  order  to  evaluate  eventual  discrepancies  between  the  experimental 
data  and  theoretical  results,  it  is  of  importance  that  an  anaivsis  of  the 
above  mentioned  kind  accompany  the  data. 


,*)  This  RM5-value  may  occur  e.g.  as  the  output  of  a  narrow-band  filter 
applied  to  the  unsteady  pressure  signal,  centered  at  the  blade  oscillation 
frequency. 


2.5 


I<('|jrn  (.ill!)  I  ortn.-il:: 


Gii',-  tif  (tif  nuiiii  pinblcmr',  fur  Ihc  rnriiM.'ir  i;;nf)  of  (’\|'rrini('rit  ;il  oikI  Uio:)i'’li- 
cal  acroclLisiir  inv  r  :;l  it);;!  iorir,  ,'il  ttu’  1900  "0'_,  mporiiutn  on  AoroolruJ  icil  s 
in  TorbrjinacfiiiiCo"  waa  th('  lank  of  onl  loi  cticy  in  Iho  i  t-()Oi'l  incj  forma!;.; 
tlic  rernan-lur;;  part  u.ipat  inq  in  lh('  (jrta'.ont  projci  I  are  thorofnrc  irwitrO 
Id  1o1Ic;w  I  [id  (|•.Ji(l('-linr'^,  for  a  stanclari/i'd  reporting  formal,  given  in 
fhir  chap  f;r. 

Two  niain  grnu[)r.  of  rcgireaent  at  ion  will  be  used: 

I:  The  fit;.!  concerns  tt.o  detailed  comparison  of  the  measured  and 

c'alculati;d  blade  pressure  distributions. 

11.  I  he  second  representation  is  direeied  towards  Ifie  physical  mechanism 
of  tlie  fluttfU'  (jhenomena,  its  important  partimclers  and  toward;; 
the  establishment  of  the  flutlci'  bouiidories  for  Ihi'  differc'iit  cascades. 
It  is  evident  Ifiat  all  participants  are  encouraged  to  use  any  furtlu>r  re()oi- 
ting  formats  in  order  to  establish  other  comparisons  or  to  empluisit'c 
any  special  point  of  interest  in  their  investiejations. 

1;  Detailed  coniparisoti  of  cxpcrimenfnl  losults  and  Uionrolical  opproatTio.s 

The  eot  tibliahmeiTc  of  the  validity  of  Itieorelical  results  can  only  be  done; 
by  a  mutual  agreement  I>etwcen  tfie  mea-sured  ami  c.akmlal  ed  unsteadv 
pressui'e  distributions  on  both  blade  surfaces.  This  detailed  comparison 
will  be  performed  on  the  basis  of  Ficjuie  2.3-1  which  is  to  bo  presemted 
for  different  combinations  of 
o  interblade  phase  angle 

o  reduced  frequency 

o  inlet  ronditions 

o  cascade  qr  omc.'ti  y 

depending  upon  the  evislinrj  cxp'^rimc'nt al  data  for  the  configuration  under 
invest  igat  ion. 

Guile  a  few  pi  edict  ion  models  for  flultei  or  forced  vibrations  are  based 
upon  small  perturbation  theories,  wht  i  e  the  steady  [jiessure  distribution 
on  Ihc  blade  is  an  inpul  data.  The  evpei  imentally  determinc'd  time  avera¬ 
ged  blade  surfnee  presiaire  distributions  is  therc'forc  speeified  foi'  sueb 
studies,  as  in  f  ig.  7.3-2. 

fiirlbeinuae  the  comparison  beiweeri  the  st('ad>  T  ig  2.3-.?)  and  unsteady 
(I  u)  2.  f-l  ;  blade  pressure  disi  ribui  ion;,  may  in  some  cases  give  a  quant  it  a- 
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ti'.e  notion  about  the  aeroelastic  phenomena  under  invest  gation  instabili¬ 
ties  due  to  stall,  choke,  shockwaves,  coupling  effects  between  the  steady 
and  unsteady  flow  fields...). 

The  distribution  of  the  blade  surface  pressure  difference  coefficient  along 
the  blade.  A  C  )x',  indicates  the  presence  of  stable  and  unstable  /ones. 
This  information  is  thus  also  of  interest,  and  will  be  plotted  as  in  Figure 

2.3- 5. 

II.  Flutter  boundaries 

The  second  form  of  representation  concerns  the  values  of  the  resultant 
aerodvnamic  blade  forces  and  moments,  as  well  as  the  aerodynamic  work 
and  damping  coefficients. 

Two  different  representations  (see  Figures  2.3-4  and  2.5-9'  will  be  used 
to  elaborate  the  influence  of  several  important  parameters  on  the  flutter 
boundaries 

o  reduced  frequency 

o  interblade  phase  angle 

o  inlet  flow  velocity 

o  inlet  flow  angle 

o  out  let  flqw  v  elocit  y 

o  cascade  geometry 

First,  the  unsteady  blade  pressure  coefficients  will  be  integrated  to  yield 
the  aerodvnamic  force,  or  lift,  and  moment  coefficients  as  in  Figure 

2.3- 4.  The  phase  ariglcs  and  resp.,  give  in  this  representation  imme¬ 
diate  information  about  the  aeroelastic  stability  of  the  system  .see  chapter 
2.2). 

Secondly,  the  aerodynamic  work  and  damping  coefficients  per  cycle  of 
oscillation  may  be  calculated  if  the  mode-shape  of  the  motion  is  well 
known.  Most  of  the  problems  treated  in  the  present  work  will  concern 
motion  of  nondeformed  profiles  lat  least  for  the  theoretical  predictions, 
wherefore  the  aerodynamic  damping  coefficient  can  be  easily  computed 
and  plotted.  This  information  is  useful  for  the  turbomachine  designer 
for  the  judgement  of  the  aeroelastic  behaviour  of  a  specific  cascade 
Figure  2. 3-9\ 


FIG.  2.3-1:  MfiGNITUOL-  RND  PHRSE  LERD  OF  UNGTERDT  BLRDE 
SURFRCE  PRESSURE  DISTRIBUTION. 


Fin.  2.3-3:  MfiGNITUDE  RND  PHRSF  LERD  OF  IJNSTERDY  BLRDF. 

SURFACE  PRESSURE  DIFFERENCE  COEFFICIENT. 


TOGETHER  WITH  THE  CORRESPONDING  PHASE  LEADS  IN  DE- 
PENDflNCE  OF  CASCADE  GEOMETRY  AND  FLOW  QUANTITIES. 


FIG.  2.3-5: 


RERODYNPMIC  WORK  RND  DAMPING  COEFF I C I EN f S 
IN  DFPENDANCE  OF  CRSCRDE  GEOMETRY  AND 
FLOW  OUANTITIES. 
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5.  Standard  Configurations 

On  the  basis  of  existing  test  facilities  of  the  participating  laboratories, 
and  in  relationship  with  the  state-of-art  of  theoretical  methods,  nine 
standard  configurations(*)  for  establishing  the  mutual  validity  of  two-dimen¬ 
sional  and  quasi  three-dimensional  aeroelastic  cascade  experiments  and 
prediction  models  have  been  selected-  The  configurations  should  approxima¬ 
te  idealized  flows,  wherefore  stall  effects  have  been  excluded,  except 
as  extensions  of  unstalled  experiments. 

In  order  to  guarantee  a  correct  validation  of  the  theoretical  models, 
the  quality  of  the  experimental  results  must  also  be  verified.  If  possible, 
two  rather  similar  experimental  cascade  geometries  have  therefore  been 
identified  as  standard  configurations  for  each  of  the  following  flow  regimes: 
o  low  subsonic  (»-  incompressible) 

o  subsonic 

o  transonic 

o  supersonic 

Out  of  the  nine  standard  configurations,  which  are  summarized  in  tables 
3.0-1,  seven  are  based  upon  experimental  cascade  results;  the  eighth 
is  directed  towards  the  establishment  of  validity  for  prediction  models 
in  the  limiting  case  of  flat  plates  and  for  comparison  of  the  large  number 
of  existing  flat  plate  theories.  The  final  configuration  (ninth)  is  defined 
as  to  investigate  blade  thickness  effects  upon  the  aeroelastic  behaviour 
of  the  cascade,  and  upon  the  theoretical  results,  especially  at  high  subsonic 
flow  velocities. 

Each  of  the  standard  configurations  selected  allow  for  a  systematic  varia¬ 
tion  of  one  or  several  aerodynamic  and/or  aeroelastic  parameters.  How¬ 
ever,  a  too  large  number  of  aeroelastic  cases  in  each  standard  configura¬ 
tion  would  limit  the  usefulness  in  tfiis  report  in  providing  comparisons 
for  experimentalists  and  analysts  working  independently  of  each  other. 

For  this  reason,  a  restricted  number  of  aeroelastic  configurations  for 
each  test  case,  based  upon  available  experimental  data,  has  been  chosen 


(*)  Throughout  this  report,  "standard  configuration"  will  designate  a 
cascade  geometry  and  "aeroelastic  case"  or  "aeroelastic  test  case"  will 
indicate  the  different  time  dependant  (and,  in  some  cases,  time  averaged) 
conditions  within  a  standard  configuration. 


Standard  Courtesy  of  Velocity  Compressor/  Profile  Linear/  Instrument  Mode 

Conf.  domain(s)  Turbine  t  thickness  Annular  on  reference  Torsion/ 

'‘0  Configur.  •  camber  Configur.  blade  Bending 
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5.1  f  irst  Standard  ('onfiqiiration 


This  configuration  is  compiled  from  two-dimensional  cascade  experiments 
in  the  low  subsonic  flow  region.  It  is  therefore  mainly  directed  towards 
the  validation  of  incompressible  predictions. 

The  experiments  have  been  performed,  in  air,  in  the  linear  low  subsonic 
oscillating  cascade  wind  tunnel  at  the  United  Technologies  Kesearch  (Tenter 
and  are  included  in  the  present  work  by  courtesy  of  (  .CJ.  Carta. 

The  cascade  configuration  consists  of  eleven  vibrating  NAfTA  fCj-series 
blades,  each  having  a  chord  c  0.1  ^2^  m  and  a  span  of  t).2‘>^  m,  with  a 
10  degree  circular  arc  camber  and  a  thickness-t  o-chord  ratio  of  0.06. 
The  gap-to-chord  ratio  is  0.750  and  the  stagger  angle  for  the  experiments 
here  presented  is  35°. 

The  cascade  geometry  and  profile  coordinates  are  given  in  Figure  and 
1  able  3.1-1. 

The  airfoils  oscillates  in  pitching  mode  around  a  pivot  axis  at  (0.5,  0.0115). 
Experiments  have  been  performed  with  oscillation  freguencies  between 
6  and  26  Hz  and  with  two  pitching  amplitudes  (0.5°  and  2°).  Both  the 
time  averaged  and  time  dependant  instrumentation  on  this  cascade  is 
very  complete,  and  a  large  number  of  well  documented  data  have  been 
obtained  during  the  tests.  The  instrumentation  allows  for  determination 
of  both  local  and  global  unsteady  forces  on  the  blades  (i.e.  several  high 
response  pressure  transducers  and  integration  of  these  signals  for  global 
effects),  and  th‘'  ''esults  are  presented  in  several  ways. 

From  these  tests,  15  aeroelastic  cases  have  been  retained  as  recommenda¬ 
tion:;  for  off-design  calculations.  The  cases  are  contained  in  Table  3.1-2, 
together  with  the  proposal  for  representation  of  the  results.  They  corres¬ 
pond  to  two  different  mean  settings  of  the  cascade  (see  Table  3.1-2), 
for  each  of  whicfi  the  steady  blade  surface  pressure  distribution  is  given 
in  Figures  5.1-2  and  Table  3.1-3. 

According  to  the  recommended  representation,  the  test  data  concerning 
t  tu'  unsteady  blade  surface  pressures  as  well  as  the  moment  coefficient 
and  acrodv  namic  dampinr}  sliall  be  ijixf’n  in  dependaiu'e  of  the  rediici’d 
trc(|ucn(  V  and  intcrblade  (ihase  ancjle.  /\n  exam(ile  of  ttie  rf'()rf‘:;cnt  al  ion 
in  I  tic  standan/ed  rc|)(irt  ing  format  to  be  used  tor  the  re|)i  c:,ent  al  inn 
ot  tlie  cxpcrinieni  al  and  Iheorelii'al  data'  of  ttie  time  dependant  results 
till  I  Ills  I  a'.caite  are  shown  in  t  igures  5.1-3  arid  f  able'  5,1_^. 
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FIG.  3.1-2R:  FIRST  STRNDRRD  CONF IGURfiT I  ON. 


TIME  AVERAGED  BLADE  SURFACE  PRESSURE 
COEFFICIENT  FOR  INCIDENCE  2.  DEGREES. 
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FIG.  3.1-2B:  FIRST  STPNDflRD  CGNF  I GURPT  I  Qi'J . 

TIME  PVERflGED  BLRGE  SURFPCE  PRESSURE 
COEFFICIENT  FOR  INCIDENCE  G.  DEGREES, 


Aeroelasticity  in  Turbomachine-Cascades 
First  Standard  Configuration 

Time  Averaged  Blade  Surface  Pressure  Distributions 
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FIG.  3.1-3C:  FIRST  STfiNDRRD  CONF I GURRT I  ON. 

RERODTNflMIC  LIFT  COEFFICIENT  RND  PHRSE  LEAD 
IN  DEPENOflNCE  OF  INTERBLRDE  PHASE  ANGLE. 
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FIG.  3.1-3E:  FIRST  STPNDflRD  CONFIGURATION. 


flERODTNRMIC  MOMENT  COEFFICIENT  AND  PHASE  LEAD 


IN  DEPENDRNCE  OF  INTERBLRDE  PHASE  ANGLE. 
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IM  OEPCNDPNCE  OF  RFOUCED  FREQUENCY, 


3.2  Second  Standard  t'onfiquration 


This  incompressible  two-dimensional  cascade  configuration  has  bof'n  mea¬ 
sured  in  a  water  cascade  tunnel  at  the  University  of  Tokyo.  The  results 
have  been  submitted  by  courtesy  of  H.  Tanaka. 

The  cascade  consists  of  eleven  vibrating  and  six  stationary  double  circnjiar 
arc  profiles.  Lach  of  the  blades  have  a  chord  of  c  D.USU  m  and  a  span 
of  O.inn  m,  with  a  camber  angle  of  16“  and  a  gap-to-chord  ratio  of  I.UtJ. 
The  water  velocity  during  the  tests  was  V^-2  m/s,  with  the  t^eynolris 
number  situated  at  (Te  1.2  .  10  \  The  eleven  vibrating  blades  oscillate 

in  pitcti,  with  an  amplitude  of  0.06  rad  f3.6“j  and  a  frequency  between 
1.1  and  I  3H^.  Thus,  the  reduced  frequency  lies  in  the  domain  0.1  tol.O. 
The  cascade  geometry  is  given  in  Figure  3.2-1  and  the  profilt*  coordinates 
in  Table  5.2-1. 

Lxperiments  nave  been  performed  with  incidence  ranging  from  attached 
to  partly  separated  and  fully  separated  flow.  Further,  the  stagger  angle 
as  well  as  the  interblade  phase  angle  and  pivot  axis  have  been  varied 
systematically. 

Tne  experimental  data  indicates  the  unsteady  lift  and  moment  coefficients 
(amplitudes  together  with  the  corresponding  phase  lead  angles!.  These 
coefficients  are  computed  from  strain  gage  measurements;  no  time  depen¬ 
dant  pressures  are  measured  on  the  blade  surfaces. 

From  the  experiments,  22  aeroelastic  cases  are  selected  for  "prediction". 
These  aeroelastic  test  cases  are  summarized  in  Table  3.2-2,  together 
with  the  proposal  for  representation  of  the  results. 

The  22  aeroelastic  cases  correspond  to  ^  cascade  geometries  sei'  lahli’ 

3.2- 2).  The  recommended  representation  of  the  results  of  the  second 
standard  configuration  includes  therefore  trends  of  lift  and  moment  cueffi- 
cmnts  for  aeroelastic  parameters,  such  as  interblade  [itiase  angle  and 
reduced  frequency,  but  also  for  cascade  (lararneters  sui  ti  as  im  idem  e 
and  stagger  angle. 

The  time-averaged  bhade  (iressiire  dist  rit)ul  ions  was  nut  mea'ured  ituiing 
the  experiments. 

It  IS  rt'ComfTiended  ttial  llu’  m-miIIs  stmuld  !»  ,  egr  e  mm  ,i  e.  i  ,i,  m  I  iguie, 

1.2- 2  and  1  able  1.2 - 
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G.  3.2-7D:  SECOND  STRNDflRD  CONE  I GURfiT I  ON: 

RERODYNRMIC  MOMENT  COEFFICIENT  AND  PHRSE  LERD 
IN  DEPENDRNCE  OF  INCIDENCE  RNGLE. 
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C.  3.2-2H:  SECOND  STANDARD  CONFIGURATION: 

AERODYNAMIC  FORCE  COEFFICIENT  AND  PHASE  LEAD 
IN  DEPENDANCE  OF  STAGGER  ANGLE. 


SECOf'.-n  STRNDPRG  CONT  I  GLIRRT  I  ON: 
RERODTNRMIC  WORK  RND  DRMPING  COEFFICIENT 
IN  DFPENDRNCE  OF  INTERBLRDE  PHR5E  RNGLE. 


REROELASTICITT  IN  rURBOMflCH I NE-CflSCHO£S. 
3TRNDRRD  CONFIGURATION  NUMBER  :  2 


G.  3.2-2K:  SECOND  STflNDRRD  CONF I GURRT I  ON 


RERODTNRMIC  WORK  RNO  DRMPING  COEFFICIENTS 
IN  DEPENDRNCE  OF  REDUCED  FREQUENCY. 
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STRNDRRO  CONFIGURATION  NUMBER  :  2 


RERODTNflMlC  WORK  RNO  DAMPING  COEFFICIENTS 
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configuration  allows  detailed  comparison  of  the  local  time  dependant 
blade  surface  pressures  and  trends  of  global  effects  (moment  and  aerody¬ 
namic  damping  coefficients)  in  dependence  of  expansion  ratio  (P^/P,  )» 
blade  vibration  frequency  and  interblade  phase  angle  (see  Table  3.3-4 
and  Figure  3.3-3). 
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FIG.  3.3-3B;  THIRD  STANDARD  CONFIGURATION. 

AERODYNAMIC  MOMENT  COEFFICIENT  AND  PHASE  LEAD 
s  IN  DEPENDANCE  OF  INTERBLADE  PHASE  ANGLE. 


FIG.  3.3-3D:  THIRD  STRNDPRD  CONFIGURATION. 

AERODYNAMIC  WORK  AND  DAMPING  COEFFICIENTS  IN 
DEPENDANCE  OF  INTERBLADE  PHASE  ANGLE. 
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Pieseiitly.  c)uasi  thi'e(''dinifMisi()ri:il  ciisiiidc  cviji'rimi'iil  s  mi  tmjhU  lonilct) 
turhinc  rotor  secti  n:;  nrr  (Jt'rloi'ncd  ui  Itu-  (.•ir.radc  tarility  at 

Itif'  I  aosanno  Inst  i' at  o  of  1  t'('hri()lo()>  by  M.  I)c(|('(i. 

fourtti  standard  confiqtirat  ion  is  of  intnri'st  mainly  Ijonause  ot  Itu- 
relative  tiiqli  blade  thirkness  and  ('amt)t'r,  tlie  fmjh  sutisonie  tlow  eonditions 
and  for  its  resemblance  with  the  third  standard  conf itjurat  ion. 

Detailed  test  results  will  be  ivnilahle  at  the  end  of  1985,  so  ttuit  ttieoreti- 
ral  results  can  be  validated  aqainst  ttie  data  from  this  confujuration  simul- 
taiu'ously  as  aijainst  other  standard  configurations. 

Ttie  cascade  conf igorat ion  consists  of  twenty  vibrating  prismatic  blades, 
e<'icti  tiavmg  a  ctiord  of  c  0.07^4  m  and  a  span  of  U.04f)  m,  witti  liS*’ 
tornincj  and  a  maximuiri  ttiicUness-t o-chord  ratio  of  ().l7  . 

Ttii’  stagger  angle  is  5  5.^",  witti  the  qap-to-rhord  ratio  of  the  cascade: 
0.67  tiub) 

0.76  ^midspaid 

G.RA  itipl 

The  hub-lip  ratio  in  the  lest  facility  is  0.8. 

The  cascade  geometry  is  given  in  Figure  5.6-1  and  the  profile  coordinates 
arc  tabulated  in  Table  5.4-1. 

L  xperiments  are  performed  with  variable  inlet  flow  angle  (M^,  i),  expansion 
ratio  (p-^/Pj  •  vibration  mode,  oscillation  frequency  and  intetrblade 

phase  angle.' All  the  experiments  presently  performed  have  constant  span- 
wise  flov/  conditions  upstream.  The  time  dependent  instrumentation  inclu¬ 
des  (iressure  I  rtmsducers  on  one  blade  miidspan)  and  strain  gages. 

The  aeroelastic  eases  for  this  standard  confiqurat ioti  are  not  yet  fully 
di'fined.  wtierefore  they  will  be  distributed  together  with  the  corresponding 
time  averaged  blade  surface  pressure  distributions  towards  the  end  of 
|9t)  5. 

1  tie  recommended  presentation  format  will  be  similar  to  ttie  one  used 
III  standarvi  cunt i ijurat  inn  six. 
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Th;s  t  wQ-dimpnsional  subsonir/t  ransonic  cascade  conf  iqurat  ion  has  been 
tested  in  a  rectilinear  cascade  air  tunnel  at  the  Office  Nat  ,onal  d'l  tudes 
ct  de  Kpcherches  Aerospaciales  ONERA,.  The  configuration  and  evperi- 
mental  results  are  included  by  courtesy  of  E.  S/echenyi. 

The  cascade  configuration  consists  of  six  fan  stage  tip  sections,  each 
blade  having  a  chord  of  c-0.090  m  and  a  span  of  OOTH  m.  The  maximu.Ti 
t  hickness-to-chord  ratio  is  0.027,  with  no  camber  and  a  qap-to-chord 
ratio  of  0.9‘3.  The  present  configuration  was  measured  with  a  stagger 
angle  of  30.7“. 

The  cascade  geometry  is  given  in  Eiqure  5.5-1  and  the  profile  coordinates 
m  Table  3.5-1. 

The  two  center  blades  can  vibrate  in  pitch  about  several  axis,  whereafter 
the  aeroelastic  coefficients  for  different  interblade  phase  angles  are 
computed  by  linearized  summation  of  the  unsteady  pressure  rf  iponses 
on  all  six  blades. 

Experiments  have  been  performed  with  oscillation  frequencies  between 
75  and  550  Hz,  inlet  Mach  numbers  between  0.5  and  1.0  and  with  incident'e 
angles  between  attached  and  fully  separatee  flow  12“  to  15“. 

Ftoth  the  time  averaged  and  time  dependant  instrumentation  on  tins  cas¬ 
cade  IS  veiy  extensive  and  a  large  number  of  well  documented  data  tiave 
been  obtained  during  the  experiments.  The  large  amount  of  flusti  mounted 
high  response  pressure  transducers  on  one  blade  allows  the  determination 
of  resultant  time  dependant  blade  forces. 

From  the  results  obtaineii  during  these  tests,  27  aeroelastic  cases  are 
recommended  for  off-design  calculat  Ions.  They  are  contained  in  Table 

3.5- 2,  together  vyith  a  recommendation  for  representation  of  the  results. 

The  27  cases  correspond  to  11  different  settings  of  the  cascade  tsee  Table 

3.5- 2  . 

The  steady  blade  surface  pressure  distributions  of  the  11  t  ime-av  eraqed 
settings  are  given  as  a  basis  for  time-variant  calculations  by  small  perturba¬ 
tion  prediction  models  in  Figure  5.5-2  and  Table  3.5-3, 

Of  special  interest  in  this  fifth  standard  configuration  is  the  extensive 
variation  of  time-averaged  parameters,  such  as  inlet  flow  velocity 
and  incidence  (i). 

The  inlet  Mach  number  is  varied  from  M^  0.5  to  M^-1.0,  and  the  range 
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of  incidence  is  from  fully  attached  (incidence  less  than  up  to  fully 
separated  (incidence  greater  than  10”)  flow  conditions. 

The  recommended  representation  of  the  results  includes  detailed  compari¬ 
son  of  unsteady  blade  surface  pressure  coefficients  as  well  as  aerodynamic 
damping  and  moment  coefficients  in  dependance  of  the  parameters  inci¬ 
dence  (i),  flow  velocity  (M^j  and  reduced  frequency  (k),  as  proposed  in 
Figure  5.9-5  and  Table  5.9-A. 
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Figure  3.^-1  Fifth  Standard  Tonfigural  ion:  Cascade  Geometr 
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FIG.  3.5-2B:  FIFTH  STflNDPRO  CONF IGURPT ION: 

TIME  PVERflGED  BLPDE  SURFPCE  PRESSURE 
DISTRIBUTION  FOR  Ml=0.5  PND  INCIDENCE=M  DEG. 


FIG.  3.5-2C:  FIFTH  STANDARD  CONFIGURATION: 

TIME  AVERAGED  BLADE  SURFACE  PRESSURE 
DISTRIBUTION  FOR  Ml=0.5  AND  INCI0ENCE=6  DEG. 


FIG.  3.5-20:  FIFTH  STflNDPRO  CONFIGURATION: 


TIME  AVERAGED  BLADE  SURFACE  PRESSURE 
DISTRIBUTION  FOR  Ml=0.5  AND  INCIDENCE=8  DEG. 


FIG.  3.5-2E:  FIFTH  STPNDPRD  CONFIGURRTION; 

TIME  AVERAGED  BLADE  SURFACE  PRESSURE 
DISTRIBUTION  FOR  Ml=0.5  AND  INCIDENCE=10  DEG. 


FIG.  3.5-2G:  FIFTH  STRNOflRD  CONFIGURATION: 


TIME  AVERAGED  BLADE  SURFACE  PRESSURE 


DISTRIBUTION  FOR  Ml=0.6  AND  INCIDENCE=10  DEG 


REROELfiSTICITT  IN  TURBOMflCH I NE-CflSCflOES. 
STRNDRRO  CONFIGURRTION  NUMBER  :  5 
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Table  3.5  -3  (continuation  on  next  page) 
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Time  Averaged  Blade  Surface  Pressure  Distribut  ioas 
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Table  3.3-A  Mfth  Standard  Configuration:  Table  for  Presentation  of 
the  27  RecocnTif'nded  Aeroelastic  C'ases 


FIG.  3.5-3R:  FIFTH  STfiNDPRD  CONFIGURATION: 

MAGNITUDE  AND  PHASE  LEAD  OF  BLADE  SURFACE 
PRESSURE  COEFFICIENT. 

(>€:IN  pitch  mode. notation  VALID  UPSTREAM  OF  PITCH  AXIS) 
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FIG.  3.5-3B:  FIFTH  STANDARD  CONFIGURATION: 

MAGNITUDE  AND  PHASE  LEAD  OF  BLADE  SURFACE 
PRESSURE  DIFFERENCE  COEFFICIENT. 

I":  IN  PITCH  MODE. NOTATION  VALID  UPSTREAM  OF  PITCH  AXIS) 
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FIG.  3.5-30:  FIFTH  STRNDflRO  CONF IGURRT ION: 

RERODTNRMIC  MOMENT  COEFFICIENT  RND  PHRSE  LEAD 
IN  DEPENDRNCE  OF  INLET  MRCH  NUMBER. 
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FIG.  3.5-3C:  FIFTH  STflNOflRD  CONFIGURATION: 


RERODTNRMIC  NORK  AND  DAMPING  COEFFICIENTS 
IN  DEPENDANCE  OF  REDUCED  FREQUENCY. 


FIG.  3.5-31:  FIFTH  STRNDPRD  CONFIGURATION: 

REROOTNRMIC  HORK  RNO  ORMPING  COEFFICIENTS 
IN  OEPENDRNCE  OF  INCIDENCE  ANGLE. 


FIG.  3.5-3K:  FIFTH  STflNDPRD  CONF I GURPT I  ON: 

PERODTNPMIC  HORK  PND  DPMPING  COEFFICIENTS 
IN  DEPENDPNCE  OF  PITCHING  RXIS  POSITION. 
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5.6  Sixth  Standard  Configuration 

This  configuration  is  directed  towards  investigations  of  turbine  rotor 
blade  tip  sections  in  the  transonic  flow  regime. 

Experiments  have  been  performed,  in  air,  in  the  annular  cascade  test 
facility  at  the  Lausanne  Institute  of  Technology  by  D.  Schlafli. 

The  cascade  configuration  consists  of  twenty  vibrating  low  camber  prisma¬ 
tic  turbine  blades.  Each  blade  has  a  constant  spanwise  chord  of  c=0.0528  m 
and  a  span  of  Q.04Q  m,  with  14°  camber  and  a  maximum  thickness-to- 
chord  ratio  of  0.0326.  The  stagger  angle  for  the  experiments  presented 
here  is  16.6°,  and  the  gap-to-chord  ratio  is: 

0.952  (hub) 

1.071  (midspan) 

1.190  (tip) 

The  hub-tip  ratio  in  the  annular  test  facility  is  0.80. 

The  cascade  geometry  is  given  in  Figure  3.6-1  and  the  profile  coordinates 
in  Table  3.6-1. 

Experiments  have  been  performed  with  variable  inlet  flow  velocity^  inci¬ 
dence  angle,  expiansion  ratio,  vibration  mode  shape,  oscillation  frequency 
and  interblade  phase  angle. 

Both  the  time  averaged  and  time  dependent  instrumentation  on  this  cas¬ 
cade  is  complete,  and  a  large  number  of  well  documented  data  have  been 
obtained. 

However,  due  to  the  very  thin  profiles,  only  a  limited  number  of  pressure 
transducers  are  built  into  the  blades,  wherefore  no  integrations  of  the 
time  dependant  pressure  signals  to  obtain  global  unsteady  forces  are  per¬ 
formed.  Instead,  the  self  excited  flutter  limits  of  the  cascade  have  been 
established  for  several  parameters. 

From  the  results  obtained  during  these  tests,  26  aeroelastic  cases  are 
recommended  for  off-design  calculations.  They  are  contained  in  Table 
3.6-2  together  with  the  proposal  for  representation  of  the  results. 

The  vibration  mode  for  all  these  cases  is  bending  (5  =43.2°),  and  the  para¬ 
meters  varied  are  inlet  flow  angle,  expansion  ratio  and  interblade  phase 
angle. 

The  26  aeroelastic  cases  correspond  to  12  different  time  averaged  set¬ 
tings  of  the  cascade  (see  Table  3.6-2),  for  each  of  which  the  steady  blade 
surface  pressure  distribution  is  given  in  Figures  3.6-2  and  Table  3,6-3. 


All  expennipnts  presented  here  have  been  performed  witfi  const  ant  span- 
wise  upstream  flow  velocities  and  flow  angles. 

It  IS  recommended  to  present  the  results  as  in  t  igures  ^.6-  5  and  Table 
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FiqurR  J.6-1  Sixth  Standard  Configuration:  Casradp  C'>Pometr> 


Table  5.6-1  Sixth  Standard  Configuration:  ITimensionless  Airfoil  Coordina¬ 
tes  \identical  over  the  whole  span) 


FIG.  3.6-2fl:  SIXTH  STflNDPRD  CONF I GURPT I  ON. 


TIME  PVERRGED  BLPDE  SURFPCE  PRESSURE 
COEFFICIENT  FOR  BI=20  DEG  PND  M2(IS)=1.63 
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FIG.  3.6-2B:  SIXTH  STRNDflRD  CONFIGURfiT ION. 


TIME  flVERPGED  BLADE  SURFfiCE  PRESSURE  » 

COEFFICIENT  FOR  Bl=20  DEG  AND  M2nS)=1.20  I 

\  I 


FIG.  3.6-2C;  SIXTH  STPNDPRD  CONFIGURPTION. 

TIME  PVERPGED  BLPOE  SURFPCE  PRESSURE 
COEFFICIENT  FOR  Bl=20  DEG  PND  M2(IS)=1.14 


FIG.  3.6-20:  SIXTH  STflNOPRO  CONF IGURRTION. 

TIME  flVERPGEO  BLPOE  SURFPCE  PRESSURE 
COEFFICIENT  FOR  Bl=20  DEG  PNO  M2(IS)=1.02 


FIG.  3.6-2E:  SIXTH  STPNORRO  CONFIGURATION. 

TIME  nVERRGED  BLRDE  SURFACE  PRESSURE 
COEFFICIENT  FOR  81=20  DEG  AND  M2  (IS) =0.98 


FIG.  3.6-2F:  SIXTH  STflNDPRO  CONFIGURATION. 


TIME  flVERRGED  BLADE  SURFACE  PRESSURE 
COEFFICIENT  FOR  Bl=25  DEG  AND  M21IS)=1.6D 


FIG.  3.6-2G:  SIXTH  STPNDflRD  CONFIGURPTICN. 


TIME  PVERPGED  BLPDE  SURFPCE  PRESSURE 
COEFFICIENT  FOR  Bl=27  DEG  PND  M2(1S)=1.61 


REROELflSriCI  rr  IN  TUflBOMflCHINE-L'flSCRDES. 
SIHNORRD  CQNF  IGUBRT  ion  NUMBER  •.  6 


FIG.  3.6-21:  SIXTH  STPNDPRD  CONFIGURPT ION. 

TIME  RVERPGED  BLPDE  SURFPCE  PRESSURE 
COEFFICIENT  FOR  Bl=27  DEG  PND  M2(IS)=1.37 


0. 


1. 


.5 

X 


FIG.  3.6-2K:  SIXTH  STRNDRRD  CONF IGURRT I  ON. 

TIME  RVERRGED  BLROE  SURFRCE  PRESSURE 
COEFFICIENT  FOR  Bl=28  OEG  RNO  M2  (IS) =0.95 


FIG.  3.6-2L:  SIXTH  STPNDPRD  CONF I GURPT I  ON. 


TIME  PVERPGED  BLRDE  SURFPCE  PRESSURE 


COEFFICIENT  FOR  Bl=28  DEG  PND  M2lIS)=0.85 


FIG.  3.6-2M:  SIXTH  STRNDflRD  CONF IGURPT I  ON. 

TIME  fiVERPGED  BLPOE  SURFACE  PRESSURE 
COEFFICIENT  FOR  Bl=28  DEG  AND  M2(IS)=0.57 


AtTDt'l  IS  t  K  j  I  y  ni  lurhimiL  li 
Si.xth  '^tiUklaril  l.onl  i^urat  ion 

I  imc  AvrragciJ  Surface  Pressure  lUsti  ihut  ions 


sores  at  x=  1.000  arc  the  trailing  eOgc  pressures 
1  on  two  liiilerent  hlaJes- 


1 


y 


T 


FIG.  3.6-3B:  SIXTH  STPNDRRD  CONFIGURATION. 


MAGNITUDE  AND  PHASE  LEAD  OF  UNSTEADY  BLADE 


SURFACE  PRESSURE  DIFFERENCE  COEFFICIENT. 


(>«:IN  PITCH  MODE. NOTATION  VRLIU  UPSTREAM  OF  PITCH  AXIS) 
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OEROELHSTICITT  IN  TURBaMflCHINE-CflSCROES. 
STRNDPIRO  CONFIGURRTION  NUMBER  :  6 
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FIG.  3.6-3E:  SIXTH  STANDARD  CONFIGURATION. 

AERODYNAMIC  FORCE  COEFFICIENT  AND  PHASE  LEAD 
IN  DEPENDANCE  OF  INLET  FLOH  ANGLE  BETAl. 

. . . . 


FIG.  3.6-3G;  SIXTH  STANDARD  CONFIGURATION. 

AERODYNAMIC  MOMENT  COEFFICIENT  AND  PHASE  LEAD 
IN  DEPENDANCE  OF  OUTLET  ISENTROPIC  VELOCITY  M2  (IS) 
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PERatLflSTICITT  IN  7UflBQMflCH I NE-CflSCflOES. 
STRNDRRD  CONE IGURRT ION  NUMBER  !  6 
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FIG.  3.6-3H:  SIXTH  STANDARD  CONFIGURATION. 

AERODYNAMIC  MOMENT  COEFFICIENT  AND  PHASE  LEAD 
IN  DEPENDANCE  OF  INLET  FLOW  ANGLE  BETRl. 


FIG.  3.6-3K;  SIXTH  STRNDflRD  CONF IGURRT I  ON. 

RERODTNRMIC  WORK  AND  DAMPING  COEFFICIENTS 
IN  DEPENDANCE  OF  OUTLET  ISENTROPIC  VELOCITY  M2  (IS) 
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FIG.  3.6-3L;  SIXTH  STPNDRRD  CONFIGURPT ION. 


PERODTNPMIC  WORK  PND  DPMPING  COEFFICIENTS 


IN  DEPENDPNCE  OF  INLET  FLOW  PNGLE  BETPI. 
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5.7  S«!venlh  Standard  Configuration 

The  seventh  standard  configuration  has  been  tested  in  the  LTeuoit  [Diesel 
Allison  rectilinear  air  test  facility,  and  the  results  are  included  herein 
bv  courtesy  of  the  sponsoring  agent,  D.R.  Holdman  at  NASA  Lewis  ITe- 
search  Center.  The  configuration  is  representative  for  tip  sections  of 
fan  stages  of  turboreactors  (multiple  circular  arc  transonic  profiles'. 
t  ach  blade  has  a  chord  of  c-0.0762  m  and  a  span  of  U. 11762  m.  with  a 
-1.5(1“  net  camber  and  a  maximum  Ihickness-to-chord  ratio  of  0.0  fit. 
The  gap-to-chord  ratio  is  O.SSS  and  the  stagger  angle  28.4*5°. 

The  cascade  geometry  is  given  in  Figure  3.7-1  and  the  profile  coordinates 
in  T able  5.7-  1 . 

The  airfoils  oscillates  in  pitching  mode  about  a  pivot  axis  at  (0.30,  0.00), 
with  a  freguency  in  the  range  between  710  Hz  and  750  Hz.  The  pitching 
amplitude  of  the  reference  blade  lies  between  0.06“  and  0.2“,  depending 
upon  the  test  conditions,  with  some  scatter  in  the  motion  amplitudes 

between  neighbouring  blades. 

IToth  the  time  averaged  and  time  dependant  instrumentation  on  this  cas¬ 
cade  IS  extensive,  and  data  have  been  obtained  for  different  interbiade 
phase  angles  and  axial  velocity  ratios. 

From  the  tests,  44  aeroelastic  cases  are  selected  as  recommended  test 

cases.  They  are  contained  in  Table  3.7-2,  together  with  a  proposal  for 
representation  of  the  results. 

The  44  aeroelastic  cases  correspond  to  four  different  lime  averaged  set¬ 
tings  of  the  cascade.  The  time  averaged  blade  surface  pressure  distribu¬ 
tions  for  these  nominal  settings  are  given  in  Table  3.7-3  and  Figures 

3.7-2. 

The  recommended  representations  of  the  results  from  the  seventh  standard 
configuration  allows  detailed  comparison  ot  the  local  time  dependant 
blade  surface  pressures  and  trends  of  global  effects,  such  as  moment 
coefficient  and  aerodynamic  damping  coefficient,  in  dependence  of  inter- 
blade  phase  angle  and  axial  velocity  ratio.  If  possible,  the  results  should 

be  represented  as  in  Figures  5.7-3  and  Table  5.7-4. 
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F  i()nrR  5,7-1  '.pw'nth  St  indarci  Tonficjurat  ion;  fasradt'  CVomptry 


Aeroelasticity  in  Turbomachine  -  Cascades 
Seventh  Standard  Configuration 

Time  Averaged  Blade  Surface  Pressure  Distributions 


flEROELRSriCITr  IN  TURBOMflCHINE-CflSCflOES. 
STflNOPRD  CONFIGURATION  NUMBER  :  7 


TIME  flVERHGED  BLADE  SURFACE  PRESSURE 


DISTRIBUTION  FOR  OUTLET  VELOCITY  M2=1.25 


FIG.  3.7-2C:  SEVENTH  STRNDRRD  CONF I GURRT I  ON: 

TIME  RVERRGED  BLRDE  SURFRCE  PRESSURE 
DISTRIBUTION  FOR  OUTLET  VELOCITY  M2=1.05  . 


nEROELASTlCrTT  IN  TURBOMfiCh  E-CRSCHDES. 
STRNOflRO  CONE rCURBT [ON  NUMBER  :  7 


FIG.  3.7-20:  SEVENTH  STRNDRRO  CONF IGURRT ION: 

TIME  RVERRGED  BLRDE  SURFRCE  PRESSURE 
DISTRIBUTION  FOR  OUTLET  VELOCITY  M2=0.99 
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Table  3.7-/I  Seventh  Standard  Configuration;  Table  for  Presentation  of 
the  44  Recommended  Aeoelastic  Test  Cases 


FIG.  3.7-3fi; 


SEVENTH  STRNDRRD  CONF IGURRT I  ON : 

MAGNITUDE  RND  PHASE  LEAD  OF  BLADE  SURFACE 
PRESSURE  COEFFICIENT. 
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FIG.  3.7-3B:  SEVENTH  STANDARD  CONFIGURATION: 

MAGNITUDE  AND  PHASE  LEAD  OF  BLADE  SURFACE 
PRESSURE  DIFFERENCE  COEFFICIENT. 


t>.:lN  PITCH  MOOF .  NOTRT ;  mn  VRLID  UPRTBmM  OF  PITCH  RylSl 


FIG.  3.7-3C:  SEVENTH  STPNDPRD  CONFIGURPTION; 

PERODTNPMIC  MOMENT  COEFFICIENT  PND  PHPSE  LEPD 
IN  DEPENDPNCE  OF  INTERBLRDE  PHPSE  PNGLE. 


FIG.  3.7-3D;  SEVENTH  STRNDPRD  CONFIGURATION: 

AERODYNAMIC  MOMENT  COEFFICIENT  AND  PHASE  LEAD 
IN  DEPENDANCE  OF  OUTLET  MACH  NUMBER. 


FIG.  3.7-3G:  SEVENTH  STflNOPRD  CONF I GURRT I  ON : 

PERODTNflMIC  WORK  PND  DPMPING  COEFFICIENTS 
IN  DEPENDRNCE  OF  INTERBLPDE  PHPSE  PNGLE. 


3.8  Liqhth  Statu1:ircl  ( 'oiifliiurat  ion 
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The  eighth  and  riiniti  yl.indard  rent  Ujui  at  airr;,  aic  dim  lei)  Imvaid',  I  lie 
investigation  of  basic  aeroelasta  ptu'noinena  .ind  iidlweiMe  nt  iimkee,. 
effects  on  numerical  I'alc  ulal  loi  is.  especiallv  in  itie  iiansnuK  hn.v  iei);i  i,. 
Configuration  number  eigtitti  considers  a  I  wr  i  •  di  mensiui '/i  i  i  asi  a  1’  ' 

flat  plates.  Tfieoretical  anaivsis  of  sucfi  unsle.idv  i  i.in  1 1 1  ji  ji .  it  ..  e  !i,i.> 

been  performed  for  manv  vears  now.  but  itie  [irutilem  r,  si  ill  u'  1,,  i* 
interest,  mainly  due  to  ttie  followiruj  factors: 

0  In  modern  compressors,  operating  in  ttie  transonic  and  supeisnnn 
flow  regimes,  tfie  at'tual  blades  are  rather  thin  arul  have  a  low  camtiei. 
They  can  thus  mostly  be  fairly  well  approximated  as  flat  plates, 
o  Supersonic  two-dimensional  flat  plate  prt'diction  models  are  often 
one  of  the  main  aeroelastic  tools  used  by  the  designer  of  large  turbort'ac- 
tors. 

o  In  the  incompressible  flow  domain,  analytical  flat  plate  solutions 
are  available. 

o  It  IS  possible  to  establish,  with  different  theories  and  for  the  purpnst' 
of  the  present  comparative  work,  the  aeroelastic  response  of  a  flat  plale 
cascade  over  the  whole  Mach  number  range  from  incompressible  to  superso¬ 
nic  flow  conditions. 

0  The  strip  theory  assumption  should  be  validated,  in  the  transonic 
flow  domain,  in  a  fairly  simple  case.  This  requires  validation  not  only 
of  theoretical  results,  but  also  of  two  dimensional  and  quasi  three-dimen¬ 
sional  experimental  data  on  thin  airfoils. 

In  this  chapter,  the  main  emphasise  will  be  laio  upon  tfie  change  in  the 
aeroelastic  behaviour  of  the  cascade  In  dependance  of  inlet  flow  velocity, 
pressure  ratio  through  the  cascade,  stagger  angle  and  solidity.  The  unsteady 
blade  surface  pressure  distributions  will  thus  only  be  compared  in  detai' 
for  a  few  aeroelastic  cases. 

It  is  assumed  that  the  two-dimensional  airfoils  oscillates  in  pitch  about 
mid  chord  (O.fi,  0.),  with  an  amplitude  of  2°  (0.0349  rad). 

As  the  mam  interest  for  this  configuration  lies  in  the  variation  of  the 
time  averaged  parameters  the  calculations  should  be  performed,  at  zero 
mean  incidence,  with  a  constant  interblade  phase  angle  of  90°  and  with 
a  fairly  high  reduced  frequency,  k-1.0. 

The  cascade  configuration  is  given  in  Figure  3.8-1  and  a  recommendation 


for  aoroelastic  cases  to  be  calculated  is  given  in  Table  3.8-1.  If  possi¬ 
ble,  the  results  should  be  represented  as  in  Figures  and  Tables  3.8-2. 
The  33  aeroelastic  cases  are  situated  in  different  velocity  domains,  where¬ 
fore  it  is  not  expected  that  one  single  program  can  calculate  all  cases. 
However,  it  would  be  of  interest  for  the  comparisons  if  all  participants 
could  calculate  the  cases  their  program(s)  can  handle. 


cascade  leading 
edge  plane 


Flat  plates 

c  =  0.1  m  a  =  2.0°  (0.05^9  rad) 

camber  =0°  o  =  90° 

(x^,y^)  =  (0.5,0.)  k  =  1.0 

i  =0° 


Figure  3.8-1  Fighth  Standard  Configuration:  Cascade  Geometry 


Table  5.8-1  Fiqhth  Standard  Configuration:  5S  Recommended  Aeroelastic 
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FIG.  3.8-2B:  EIGHTH  STANDARD  CONFIGURATION. 

MAGNITUDE  AND  PHASE  LEAD  OF  UNSTEADY  BLADE  SURFACE 
PRESSURE  DIFFERENCE  DISTRIBUTION. 

(»: IN  PITCH  MODE . NOTPT ION  VALID  UPSTREAM  OF  PITCH  AXIS) 


FIEROELRSTICiTT  IN  TURBOMRCH 1  NE  -  CflSCfiOES. 
5TRNDRRD  CONFIGURATION  NUMBER  :  8 


FIG.  3.8-2C:  EIGHTH  STRNDRRD  CONF I GURRT I  ON. 

RERODTNRMIC  MOMENT  COEFFICIENT  RND  PHASE  LEAD 
IN  DEPENORNCE  OF  STAGGER  ANGLE. 


REROtLRST 1C  1  TT  IN  T URBOMRCH I NE - CflSCRDES . 
STflNDRRG  CONE IGURRT lUN  NUMBER  ;  8 


FIG.  3.8-2F:  EIGHTH  STPNDPRD  CONF I GURPT I  ON. 


PERODTNPMIC  WORK  PNO  DPMPING  COEFFICIENTS 
IN  DEPENOPNCE  OF  STPGGER  PNGLE. 
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FIG.  3.8-2G: 


EIGHTH  STANDARD  CONFIGURATION. 

AERODTNAMIC  WORK  AND  DAMPING  COEFFICIENTS 
IN  DEPENDANCE  OF  INLET  MACH  NUMBER. 
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sthnoore  conf igurrtion  number  !  8 
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5.9  Ninth  Slandnrd  C'onfiquralinn 

The  ninth  standard  configuration  is  selected  to  be  a  continual  icn  of  t  tie 
flat  plate  irn  est  iqat ion.  The  eniphasi/re  is  now  placed  upon  blade  thickness 
influeni-e,  especialU  in  the  high  subsonic  flow  region,  on  ttie  numerical 
results  from  the  different  prediction  models. 

To  tfiis  end.  a  s\mmelric  circular-arc  profile,  with  thickness/cfiord  laniiing 
from  [I. (II  to  ().!(],  is  defined  (see  Figure  3.9-1'. 

Apart  irom  the  profile  thickness,  the  influence  cf  inlet  Mach  nuniber 
on  the  aeroelastic  response  of  the  cascade  will  be  investigated. 

For  tfiis  configuration,  the  same  vibration  mode^  reduced  frequency  and 
interblade  phase  angle  as  in  the  eighth  configuration  1.(1  and  90"  resp., 
are  choosen.  The  stagger  angle  has  been  defined  to  tie  30°,  mainly  to 
allow  for  realistic  conditions  at  high  velocities.  This  stagger  angle  nay 
in  some  computations  introduce  influence  of  distorted  calculation  grids, 
wherefore  it  is  of  impoitance  to  give  indicaiions  about  the  computational 
scheme  together  with  the  numerical  results. 

In  the  configuration,  24  aeroelastic  cases  are  defined  for  comparison 
isee  table  3.9-1).  The  incidence  in  the  subsonic  cases  is  0°.  For  the  super¬ 
sonic  cases,  the  unique  incidence  is  calculated  with  a  program  btised 
upon  the  method  of  characteristics.  The  11  supersonic  cases  are  defined 
as  to  have  attached  leading  edge  shock  waves,  and  they  should  be  calcula¬ 
ted  with  supersonic  throughflow.  The  results  should  be  represented  as 
in  Figures  3,9-2  and  in  Table  3.9-2. 

As  for  the  eighth  configuration,  it  is  here  not  the  purpose  to  calculate 
all  the  cases  with  the  same  prediction  model.  It  is  instead  proposed  that 
the  participants  calculate  the  cases  their  programs  can  handle,  whereafter 
ttie  different  results  will  be  compared  and  analysied. 
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Are  you  interested  in  participating  in  the  project  on  Acroe- 
lasticity  in  Turbomachine-Cascades  and  will  you  perform 
calculations  upon  some  of  the  standard  configurations? 

V/hich  configurat'!on(s)  and  aeroelastic  cases  v/ill  you  calcu¬ 
late? 


Would  you  like  to  obtain  the  profile  coordinates  on  cards 
for  these  configurations?  _ 

Are  you  interested  in  receiving  the  aeroelaslic  test  cases  for 
standard  configuration  number  4  when  they  are  available?  _ 
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